Abstract. The contact force between pantograph and catenary in high-speed railways is an important index to characterize the quality of current receiving. In this paper, the EEMD-SPWVD analytic method was proposed to analyze the inherent and abnormal wavelength components of pantograph-catenary contact force (PCCF). Catenary structure Wavelength (CSW) was analyzed as SS400+ pantograph matches with the catenary mentioned in this paper, and the results show that CSW is mainly related to the parameters of the catenary. Then the DSA380 pantograph is used to make a comparative analysis, and the same conclusion is obtained. Finally, taking the irregularity of the contact wire as an example, the abnormal wavelength components are detected. The Non-CSWresidual detection method proposed in this paper is more accurate and effective than the single SPWVD method.
Introduction
By the end of 2017, China's railway mileage has reached 127,000 kilometers, of which the highspeed railway is 25,000 kilometers, accounting for 66.3 percent of the world's total amount. With the rapid development of China's high-speed railway, the speed of trains has increased and the pantograph-catenary vibrations have intensified. Therefore, the contact state between pantograph and catenary becomes increasingly unstable, and pantograph-catenary contact force (PCCF), which characterizes the quality of current collection, fluctuates more violently. At present, in the operation and maintenance of pantograph-catenary, the commonly used contact force evaluation parameters, including PCCF's mean value, standard deviation, maximum value, minimum value and off-line rate, etc. [1, 2] . These indexes can reflect the overall trend and the fluctuation of PCCF in timedomain, but lack of the analysis of its frequency-domain characteristics.
At present, there is little research literature about using frequency domain and time-domain analytical method to evaluate the performance of pantograph-catenary system. Aboshi Mitsuo et al. established the power spectrum of contact wire irregularities for Shinkansen, and analyzed the influence of contact wire irregularities on PCCF [3] , [4] . Shunichi Kusumi et al. analyzed the waveform characteristics of the PCCF power spectrum and proposed to diagnose the state of contact wire according to the change of the characteristic of the contact force power spectrum [5] . Zhigang Liu et al. put forward the contact wire spectrum based on AR (Autoregressive) model, and applied it to evaluate the dynamic performance of pantograph-catenary system [6, 7] . Weihua Zhang et al. researched the influence of catenary's sag and irregularity upon the quality of current-feeding [8] .
The above spectral analysis methods more focus on the overall trend of contact force in the frequency domain, but less attention is paid to the characteristic wavelength components of PCCF. In this paper, the EEMD-SPWVD analytical method is used to analyze the structure wavelength components of PCCF, and on this basis, contact wire irregularity is simulated to realize the detection of abnormal wavelength component.
The rest of this paper is organized as follows. The EEMD-SPWVD simulation process is showed in Section II. Dynamic mathematical description of pantograph-catenary coupling system is given 231 in detail in Section III.A brief description of ensemble empirical mode decomposition (EEMD) and the smoothed pseudo Wigner-Ville distribution (SPWVD) is introduced in Section IV. Section V is CSW extraction and abnormal wavelength detection. The conclusions are drawn in Section VI.
EEMD-SPWVD Simulation Process
Based on the established pantograph-catenary model, this paper takes a stable PCCF data of the intermediate span. Then uses the EEMD which can realize adaptive extraction and the SPWVD with high time-frequency resolution (EEMD-SPWVD) to extract catenary structure wavelength (CSW) and detect abnormal wavelength components. The simulation process is illustrated in Fig. 1 . 
Dynamic Mathematical Description of the Pantograph-catenary Coupling System
At present, numerical methods are generally used in literatures of pantograph-catenary dynamic problems [9, 10] . In this paper, the simple catenary suspension is applied to treat the catenary as an Euler-Bernoulli beam with constant tension, linear density and flexural rigidity. The pantograph is simplified as s a three-level lumped mass system, and the penalty function method is utilized to simulate the contact process between pantograph and catenary [11, 12] . As shown in Fig. 2(A) , taking a micro-segment d x on the messenger wire or contact wire for research, and perform the force analysis to obtain the differential equation (1):
Where, y(x, t) is the vertical vibration displacement of contact wire; ρ is micro-segmental linear density; EI is it's bending rigidity; F c (x, t) is the uplift force of pantograph per unit length; S is the tension between two ends of the contact wire; Q and M are the shear stress and bending moment of the micro segmented section, and φ is the angle between the tension and the horizontal plane.
Catenary's oscillatory differential equation can be obtained by solving the equation (1) (2) and (3) are the dynamic differential equations for messenger wire and contact wire, respectively; F a1 (x, t) and F a2 (x, t) are the force of dropper the supporting rod on the messenger wire; F b1 (x, t) and F b2 (x, t) are the force of dropper and registration arm on the contact wire; E and F are the amplitudes of the messenger wire p and q contact wire, respectively.
The three-level lumped mass pantograph model shown in Fig. 2 (B), which can characterize the vertical motion of the pantograph effectively. The numbers 1, 2 and 3 represent the pantograph head, upper frame and lower frame respectively; m, c, k and y represent equivalent mass, equivalent damping coefficient, equivalent spring stiffness and vertical displacement, respectively; F 0 is the static uplift force of pantograph.
The vertical motion of the pantograph can be described as dynamic equation (4): 2  1  2  1  2  2  2  1  2  3  2  1  2  3   3  2  3  0  2  3  3  3  2  3  3  2  3 ( ) 
Using the penalty function method to couple pantograph and catenary, set the contact stiffness is K s , and the PCCF can be expressed as follows:
To verify the modeling approach introduced above, the standard simulation model of European standard (EN50318) is compared with the simulation results of this model [13] .The model is simulated at the speed of 250km/h and 300km/h respectively, and the simulation results from 3 to 7 spans are compared with the EN50318 standard. The simulation results are presented in Table I . Messenger wire tension 16kN Number of droppers 5 Inter-dropper Distance in a span 5m/9.5m /9.5m/9.5m/9.5m/5m
It can be seen that all parameters of the simulation results conform to the EN50318 standard, and the modeling approach introduced above is reliable.
Description of EEMD and SPWVD
EEMD algorithm is an analytical method developed in recent years for processing non-stationary signals [14] . It can overcome the mode mixing problem caused by traditional EMD algorithm effectively. The IMF components from high frequency to low frequency can be separated from the original signal better, and the narrow-band components of the original signal with different time scales can be generated, so that the adaptive multi-scale signal can be realized.
The smoothed pseudo Wigner-Ville distribution (SPWVD) is an excellent time-frequency joint distribution method [15] . It has better time-frequency resolution than the Short-time Fourier transform (STFT) and the Gabour transform. In addition, the time domain smoothing window g(u) and the frequency domain smoothing window h(τ) are presented on SWVD. By adjusting the smooth window length in the time-domain and frequency-domain, WVD's cross-term problem can be effectively restrained. Although SPWVD has good time-frequency resolution, and the serious problem of WVD cross-terms can be solved to a great extent. However, it will inevitably produce cross terms when dealing with multicomponent and energy discrepant signals, and some frequency components may be submerged. In view of above problems, the EEMD-SPWVD method is proposed in this paper and applied to CSW extraction and abnormal wavelength component detection.
CSW Extraction and Abnormal Wavelength Detection
The Analysis and Extraction of CSW Taking the PCCF signal of the SS400+ pantograph at the speed of 250 km/h as an example, the intermediate 5-spans stable data are selected for analysis, which is depicted in Fig. 3(A) . And the Sampling mileage is 240m, which meets the requirement of non-stationary [16] . Fig. 3(B) displays the frequency spectrum of the selected PCCF signal. Among them, the PCCF signal has the largest amplitude at the spatial frequency of 0.0213m -1 , corresponding to the wavelength component of 46.8 m, which characterize the span of the catenary is 48m.Other main frequency components are 0.0421m -1 , 0.1051m -1 , 0.1961m -1 , that is, correspondent wavelength are 23.7m, 9.52m and 5.1m,which respectively represent the half span, the inter-dropper distance of 9.5m and 5m(the wavelength components marked out by the red arrows in Fig. 3(B) ).These wavelength components mentioned above are called as catenary structure wavelength (CSW) in this paper. The largeenergy frequency components in the vicinity of the CSW as is showed in Fig. 3(B) are mainly due to the reflection of the mechanical waves at the fixed-end constraints and the concentrated mass point such as the dropper and the registration arm.
Preprocess the 3 -7 spans PCCF signals by de-averaging, then perform EEMD decomposition on it, 10 IMF components shown in Fig.4 can be obtained. Perform correlation operations between each IMF component and the pre-processed PCCF signal the initial IMF effective components can be obtain. Table III is the COR between the IMF component obtained by the above EEMD decomposition and the original pre-processed PCCF signal. According to the literature [17] , the initial effective component screening threshold should be one-tenth of the maximum value in the COR sequence, that is, 0.66. Therefore, the initial effective IMF component can be obtained as follows: Imf3-imf9.Perform FFT analysis on imf3-imf9 respectively, it can be seen that the frequency spectrum diagrams correspond to imf4, imf5, imf7, imf8, and imf9 include the main wavelength components marked by the red arrow in Fig. 3(B) . If the above IMFs signal is reconstructed, the CSW time domain reconstruction signal(CSWs) can be obtained. And the remaining IMFs reconstruction signal, called Non-CSWs-resdual. Fig. 5 is a comparison between the CSWs and the mean-removed PCCF. The COR between CSWs and the original signal is 0.94, which indicated that CSWs contain most of the signal components in the original PCCF. The SPWVD analysis of CSWs and Non-CSWs-resdual is carried out, and the time-frequency distribution (TFD) is shown in Fig. 6 . The abscissa indicates the mileage, the ordinate indicates the spatial frequency, and the color from blue to red indicates that the energy density go from low to high. In the TFD analysis results of PCCF signal, if there is an energy representation in the contour map corresponding to the spatial frequency location of the ordinate, it can be considered that the spatial frequency component exists in the analyzed PCCF signal, and the reciprocal of spatial frequency is the spatial wavelength component of the PCCF signal. Fig. 6(A) is the TFD of CSW, the wavelength components indicated by the red arrow in the diagram correspond to the wavelength components in Fig. 3(B) . The wavelength components of 46.8m,9.52m and 5.1m can be displayed completely and clearly in the time-frequency distribution diagram. However, the wavelength component of 23.7m is incomplete, because the energy of the half span is relatively lower and part of its wavelength is submerged. Fig. 6(B) is the TFD of Non-CSW-resdual. The wavelength components in the Fig. 6 (B) have low energy and concentrate between 10m-20m., which are caused by pantograph-catenary interaction vibration [18] . Fig . 6 shows the FFT spectrum of 3-7 spans PCCF signal when the SS400+ pantograph and the DSA380 pantograph are coupled to the catenary of Table IV at the speed of 250 km/h. It can be known from the diagram that when the DSA380 and the SS400+ are coupled to the same catenary, the frequency component is basically the same, just the amplitude fluctuates slightly. It's further indicated that the CSW is only related to the parameters of the catenary, and the fluctuation of some frequency amplitude is due to the different degree of interaction between dissimilar pantographcatenary matching [19, 20] . 
Abnormal Wavelength Detection
One of the major factors that affect the contact force is contact wire irregularity. It has an important influence on the safety, stability and comfort of train operation. This paper takes the contact wire irregularities as an example to verify the feasibility of EEMD-SPWVD in detecting abnormal wavelengths. In order to simulate contact wire irregularity, the cosine waveform formula of the surface irregularity of contact wire is introduced in the preceding model, which has been proposed in document [8] . , respectively corresponding to the 3-5 spans and 5-6 spans distances. As mentioned earlier, Non-CSW-resdual filters out the high-energy frequency components which characterize the contact wire structure, and retain the low energy vibration and noise components. Now perform SPWVD on Non-CSWs-resdual which has been introduced into the contact wire irregularity above. Theoretically, TFD should contain irregularity wavelength components. Fig.  8(A) is the Non-CSW-resdual irregular TFD diagram, from which the preset 1m, 1.5m, and 2m irregular wavelengths are well characterized. The actual continuous mileage of the 1.5m and 1m local irregular wavelength is [8m, 106m] and [89m, 152m] respectively, which are slightly larger than the theoretical result. This is due to the cross-items of SPWVD cannot be completely avoided. Fig. 8(B) is the irregularity spectrum map of SPWVD without EEMD processing, in which the irregular wavelengths of 1m and 1.5m are almost drowned in the diagram. 
Conclusion
In this paper, an effective pantograph-catenary model is established, and on this basis, the wavelength components of PCCF signal are analyzed by using EEMD-SPWVD. The following conclusions can be obtained:
1) The main wavelength components of pantograph system are concentrated on the span, halfspan, and inter-dropper distance. These wavelength components are mainly related to the parameters of catenary.
2) The EEMD-SPWVD method proposed in this paper combines the features of EEMD which can realize adaptive extraction and SPWVD with high time-frequency resolution. And it can be used to extract the target wavelength components effectively.
3) The method of detecting abnormal wavelengths by using Non-CSW-resdual extracted from EEMD-SPWVD can effectively solve the problem that some low-energy anomalous wavelength components are submerged.
